Continuous wave red. een an blue laser ligth have been generated under infrared pumping ciystals of Nd:YAl3BO3)4 by a Ti:Sapphire laser. The red (669 nm) and green (532 nm) radiations were obtained by seff -frequency doubling of the fundamental laser lines at 1338 nm (4F312-+411372 channel) and 1062 urn (4F312-*4I112 channel) respectively. Blue laser radiation (458 nm) was achieved by self-sum-frequency mixing of the main laser line at 1062 urn and the pumping radiation at 807 nm. The main spectroscopic and nonlinear properties of this crystal are included. In addition. a simple model devoted to optimize the blue radiation is given.
INTRODUCTION
Nowadays there is much interest in compact lasers emitting in the visible range of the spectrum for a great variety of applications'.. Up to date semiconductor diode lasers cannot provide full coverage of demands in every field of science tecimology and industry, specially those requiring combination of long operational lifetimes, continuous wave operation, narrow spectral linewidth find good beam quality at moderale-to-high powers and room temperature operation. Alternatively, infrared intracavity frequency-converted diode-pumped solid state lasers can be used to achieve these characteristics in compact all-solid-state laser systems. Nonlinear crystals used as laser host media provide the opportunity of achieving compact devices. The fundamental laser radiation is intracavity frequency converted to visible laser radiation in the same active medium, so that additional intracavity elements are not necessary. Nd3 doped LiNbO3 was the first crystal used to obtain continuous wave visible laser radiation2 by self-frequency-doubling (SFD) after overcoming some problems related to photorefractive damage by codoping with oxydes3. Since then. most research along this line has focused on infrared-to-green self-frequency-doubling in Nd3 doped crystals4D6. These crystals are of great interest since they have strong optical absorption around 800 nm and therefore can be easily pumped by commercially available laser diodes. However, laser action in Nd3 doped ci)Tstals can be also obtained around 900 nni, 1060 mu and 1300, corresponding to optical transitions from the metaestable state (4F312) to lower stark states I9/2, 41i i /2 and 3/2 respectively7. it is then possible to achieve blue, green and red laser radiation combining nonlinear processes and these infrared laser lines.
The highest efficiency in green laser-light generation by SFD has been demonstrated so far in Nd doped Yttrium Aluminium Borate (NYAB). Since the first experimental observation of SFD in NYAB, efficient green laser light generation has been demonstrated by using a great variety of schemes9"°.
Red laser light can be generated by SFD its fundamental laser line around 1 . 3 microns corresponding to 4F312 -* 3/2 channel. In fact NYAB was firstly used to produce red laser radiation under pulsed pump conditions. Blue laser light can be obtained by SFD its fundamental laser line around 890 mn corresponding to 4F312 -transition. Since the terminal state is now the ground state, its operation scheme it is close to a three level laser system. Then, the laser threshold is higher than obtained for the other laser channels. Furthermore an additional increase in laser threshold is caused by the sell-absorption of laser radiation, due to the spectral overlap between emission and absorption bands. The effect of self-absorption can be reduced by using short samples or by crystal cooling. However, short samples lead to a weak interaction between fundamental and second harmonic radiations and crystal cooling reduces the device compactness.
Sell sum-frequency mixing of pump and laser radiation seems to be a better choice for blue laser light generation. Recently tuneable blue laser radiation has been demonstrated by self sum-frequency mixing of pump (750-820 n.m) and fundamental laser radiation around 1060 nm in NYAB' . The blue laser threshold is the given by the laser properties of the 3-1/2 efficient laser channel. Absorbed pump thresholds as low as 7 mW have been demonstrated in NYAB, so. in principle, blue laser light can be generated by pumping NYAB crystals with commercial low current laser diodes. In fact Risk et al. already demonstrated this blue light generation by using a diode pumped Nd3:YAG laser and a KiT nonlinear crystal placed inside the cavity1. Nevertheless NYAB is the first material in which this sum-frequency mixing phenomenon is carried out in the same material.
Thus NYAB emerges as the first material capable of generating the three fundamental colours without use of any additional crystal and suitable of pumping by commercially available low current laser diodes.
In this work we report on sucessful generation of visible laser radiation at the three fundamental colours, red, green and blue as well as a study of the conditions necessary to obtain them in NYAB crystals. The most relevant results obtained by our group in this crystal are also sununarised, including a spectroscopic study of the laser channels, laser oscillation experiments under Ti:Sapphire pumping in the infrared, external second harmonic generation experiments and visible laser light generation by self sum-frequency mixing and self-frequency doubling experiments.
2.-RESULTS AND DISCUSSION

1-Spectroscopic chracterisation of infrared laser channels
The energy level diagram of Nd ions in YAB has been studied in detail in a previous work'3. Figure 1 shows a simplified energy level diagram of Nd3 ions in YAB, in which only the metaestable (4F312) and the terminal states are indicated together with the states involved in the pump processes.
The fluorescence lifetime measured for the metaestable state (60 s)13 is low in comparison to other Nd3 doped laser materials, such as YAG (230 ps). This low fluorescence lifetime has been explained in the past'3 as a consequence of high non radiative multiphonon deexcitation rate. A quantum efficiency as low as 22% has been measured by photoacustic methods'4. This low quantum efficiency produces crystal heating under pumping. This effect influences both laser and nonlinear properties. Figure 2 shows the wavelength dependence of the polarised stimulated emission cross section departing from the metaestable state in the 800-1500 rim range. YAB is a uniaxial crystal, so that light can propagate with its polansation vector parallel to the crystal optical axis (c polarised) or with its polarisation vector perpendicular to the optical axis (c polarised). The polarised stimulated emission cross section (ae(?), where p indicates the polarisation state) has been calculated from the polarised fluorescence spectra, radiative lifetime of metaestable level and the branching ratios for the radiative transitions from the metaestable state to the final laser levels (J=9/2, 1 1/2, 13/2 and 15/2)'. The branching ratios have been experimentally determined from the calibrated emission spectra being 0.47, 0.46, 0.07 and 0 to the terminal states [9/2, '11/2, 4i1312 and 115/2 respectively.13 Table 1 gives the peak cross sections obtained from figure 2 for both polarisations and for the three laser channels. It is important to remark here that, as the peak cross section values depend on both polarisation and emission wavelength the
oscillating line inside the experimental cavity will depend on the relative orientation of optical and cavity axis Since absorbed pump power at the threshold of laser action is proportional to the inverse of the stimulated emission cross section9, laser oscillation corresponding to 4F312 -÷ '11/2 channel is associated to the lowest punip threshold. As we will see in next section, the absorbed pump power at threshold obtained for the 4F312 -÷ I13'2 channel is also low enough to allow efficient pumping by low current diodes.
2.2.-INFRARED LASER GAIN EXPERIMENTS
Some physical parameters of great relevance to laser dynamics such as optical losses factor (6), can be determinated by laser gain experiments. The factor of optical losses factor associated to infrared laser radiation at 1062 urn and 1338 mu in NYAB have been already determined in previous works9.
Laser experiments were performed in a quasihemispherical cavity consisting of a flat dichroic input mirror (we have used three different input mirrors of high reflectance at laser wavelengths; 900, 1062 and 1338 mu) and output couplers of 10 cm radius of curvature. Several output mirrors of different transmittances at laser wavelengths were available. Endpumping was performed by a cw-Ti sapphire tuneable laser (Spectra Physics model 3900). Pump beam was focused into the crystal by a 5 cm single focal lenses. The polarisation character ofthe oscillating laser line was analysed using a calcite polariser.
The crystals used in laser experiments were a 5 mm long prism cut 30° with respect to the optical axis for green laser light generation (fundamental wave at 1062 mu), a 5 mm long prism cut 27° with respect to optical axis for red laser light generation (fundamental wave at 1338 mu) and a 2 mm long prism cut 36° with respect to optical axis which was used for blue laser light generation (fundamental wave at 900 mu). As mentioned above, due to self absorption of laser radiation. short samples have to be used for laser light generation at 900 urn. Figure 3a shows laser curves for minimum threshold obtained for laser oscillation at 1060 and 1338 mu. A 0.36% transmittance otput coupler mirror was used in both cases. For these experiments, the cavity length was set as close as possible to the stability limit ofour cavity (10 cm). In both cases only ordinary radiation was oscillating inside the cavity, so that all the intracavit)T power of infrared radiation could be converted to second harmonic by a Type I phase-matched process. This is in contrast to other SFD materials such as LiNbO32 , where the laser gain associated to extraordinary radiation is higher than that associated to ordinary radiation. This forces the introduction of an intracavity element in order to avoid laser oscillation in extraordinary polansation which is not useful for SFD.
The observed absorbed purnp thresholds are 10 mW and 45 mW for laser action at 1062 and 1338 urn respectively. The ratio between absorbed pump thresholds at 1338 and 1062 mu is 5.6, very close to the value predicted by mode overlap 5 together with the cross section estimated by spectroscopic measurements' 3.The ratio between pump thresholds is mainly given by the ratio between emission cross section. This indicates that the optical losses are similar for both laser radiations.
Laser action at 900 mu was tried by using both input and output mirrors of high reflectance (>99%) at 900 nrn. In these experimental conditions no laser action was achieved at 900 mu. In fact, laser action was observed at 1062 mu as predominant in spite of the mirror transmittances at 1062 mu being higher than 50%. Figure 3b shows the laser curves obtained when 3% transmittance output couplers are used. Since the factor of optical losses is very similar for both laser wavelengths the difference in the laser slope efficiency is associated to the different quanturn defect (ratio between pump and laser photon frequencies). The slope efficiencies obtained with these transmittance output couplers are 50% and 30% for the laser transitions at 1062 and 1338 urn respectively. 
2.3.-EXTERNAL SECOND HARMONIC GENERATION
In this section external second harmonic generation experiments have been performed in order to estimate fundamental nonlinear properties of NYAB, such as angle acceptance (0L) and thermal acceptance (zTL) for incident radiation at 1062 and 1338 nm. Angle acceptance is a very important parameter since it indicates how precise the crystal orientation should be. Crystals with a high angle acceptance can be oriented without needing a high precision method. In crystals with low angle acceptance a slight deviation in sample orientation from phase matching direction causes a drastical decrease in second harmonic power. In addition thermal acceptance is a parameter of particular relevance in this crystal, since heating by pumping radiation occurs because ofthe low quantum efficiency.
An Optical Parametric Oscillator (OPO. Spectra Physics 390) was used as a source to generate laser radiation at 1062 mn and 1338 nm. OPO provides pulses of 10 ns with a 10 Hz repetition rate. Average pulse energy was 2 mJ. The sample was mounted on a goniometer placed inside oven, so that both, sample orientation and temperature, can be controlled. The OPO beam was driven through the sample by two folding mirrors. A calcite polariser was placed between the mirrors and the sample so that incident OPO radiation into the sample was 100% polarised. In order to detect the second harmonic (SH) intensity a Silicon detector was used. A second calcite polariser with its axis perpendicular to the first one, allowed us to filter the fundamental radiation (at 1338 nm or 1062 rim), since the polarisation of SH beam is perpendicular to the polansation offundamental beam. Figure 4a shows the SH intensity as a function of temperature for input wavelengths of 1062 and 1338 nm. Asexpected'6 both curves fit well to a sinc2 form (doted lines. From this figure, thermal acceptances of 30°Ccm and 55°Ccm have been obtained for SH generation at 1062 and 1338 nm respectively.
In figure 4b the SH intensity as a function of angle misalignment (0) with respect to phase matching direction is represented. Points represent the experimental data obtained and dofled lines represent the best fitting of experimental points to the theoretical sinc2 expression16. The maximum SH intensity occurs in both cases when 0=0. This fact indicates that crystals are properly oriented (27° and 30°) for SH generation at 1338 and 1062 nm respectively. The angle acceptances obtained are AE)L= 0.7 mra&cm (1062 nm) and 0Ll.3 mra&cm (1338 nm). Thus, special care must be taken in crystal orientation for green laser light generation for which the angle acceptance is lower. Nevertheless, the possible influence of an incorrect laser element orientation can be avoided by using antireflection coatings at the fundamental wavelengths. This would allow for a fine alignment of the crystal inside the laser cavity without decreasing output infrared power.
For external self sum-frequency mixing experiments two collinear beams of different wavelengths are needed. Due to the wavelength dependence of the refractive indices, these two beams propagate at different directions inside the crystal for non perpendicular incidence. Then, the spatial overlap between both beams is therefore reduced when the sample is not perpendicular to the propagation direction of the incident beams. Therefore the variation of frequency mixing intensity with sample orientation will be given not only by phase mismatch but also by spatial overlap reduction. Nevertheless the angle acceptance can be estimated by using the reported refractive indices1 . We have estimated an angle acceptance width of 0.9 mradcn1 for 807 nm pump wavelength. Unfortunately the temperature dependence of refractive indices has not been studied yet so that we are not able to estimate the thermal acceptance width for a self sum-frequency mixing processes.
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2.4.-VISIBLE LASER LIGHT GENERATION
In this section the most relevant results on visible laser light generation obtained in our laboratory are given and discussed.
• Green laser light generation- Figure 5 shows the green output power obtained by SFD versus absorbed pump power in a 5 mm long NYAB crystal for type I phase matched generation. An output mirror of 0,36% transmittance at 1062 nm and of 75% transmittance for SH was used. Up to 115 mW of green power have been obtained at 1W of absorbed pump power. In this experiment only ordinary radiation was oscillating at 1062 nm, so that all the infrared circulating power was contributing to green light generation. The optimum cavity length was found to be 9.6 cm; corresponding to a laser beam waist of about 6Ojm. Pump was focused to a 15tm beam waist located at the input face of the crystal. At low absorbed pump powers. the green output intensity increases quadratically with the absorbed pump power. For absorbed powers above 500 mW this dependence becomes linear. This effect has been formerly attributed to power depletion of the fundamental beam5. In this regime intracavity second harmonic generation is high enough to act as a loss source for the infrared beam5. In figure 6 the experimental points corresponding to low pump powers have been fitted to a quadratic expression and those corresponding to high pump energies have been fitted to a line (solid lines). S Red laser light generation.- Figure 6 shows the laser power at 669 urn as a function of absorbed pump power obtained by SFD the laser line at 1339 rim. The output mirror used in this experiment had 1% transmittance for fundamental laser radiation and 80% transmittance for the red laser radiation. Although output power is not higher than 1 mW this can be improved by using an output mirror of higher reflectance at laser wavelength. In the same experimental conditions (same laser crystal and focusing conditions) more than 10 mW are expected if a 0.36% of transmittance output coupler is used (as in case of SFD experiments for green generation). Pump was focused in the same way as for green laser light generation experiments. Optimum cavity length was found to be 9.7 cm giving a laser beam waist of about 80p.m. . Blue laser light generation-As it was mentioned above blue laser light was obtained by self sum-frequency mixing of pump and laser radiation. Figure 7 shows the blue laser output power (at 455 nm) as a function of absorbed pump power. The optimum cavity conditions were found to be the same as for green generation. The output blue power obtained is of order W, resulting in a very low conversion efficiency. The sample used in these experiments was 1.7 nim long and was Nd3 doped with 5.5% and was cut 35° with respect to optical axis1. As we shall see these are not the optimum conditions for blue laser light generation. Certain parameters. such as crystal length and Nd concentration, are ofgreat importance for efficient self sum-frequency mixing. As this is one of the mechanisms used in this work to generate visible light by infrared pumping, in this section we investigate the best conditions for sum-frequency mixing of the funthmental laser and pump radiations. The low pump to blue efficiency obtained in last section is here explained.
For red and green laser light generation by SFD the optimum Nd concentration has been already detennined in the literature. Due to the low factor of internal losses associated to the fundamental laser lines, the laser threshold is almost invariant with crystal length and the pump-to-visible conversion efficiency increases with crystal length. However, the maximum length is limited to 5 mm due to the growth method. For this crystal length the optimum Nd concentration has been determined to be in the range 46%17.
In the self sum-frequency mixing the situation is different. The blue intensity generated is proportional to both pump intensity and laser intensity. For a given pump power, the absorbed pump power will depend on the absorption coefficient at pump wavelength and on the crystal length. So, in order to increase the pump intensity inside the crystal, low Nd concentration must be used or alternatively tuning the pump wavelength to a low absorption coefficient. On the other hand, low values of absorbed pump power will lead to low infrared laser intensities circulating inside the cavity. Thus, in 1%cInl . Then, the absorbed pump power at threshold (for a fixed output mirror transmittance of 036%) can be estimated for different crystal lengths by9:
where L is given in cm and Pth in mW. Combining expressions (7) and (6) P0 I Figure 8 shows the pump to visible conversion efficiency for an input pump power P0=1W. In this figure we have only considered crystal lengths up to 5 mm (maximun crystal length available for NYAB). As it can be observed, the conversion efficiency increases with crystal length. Long crystal provides high interaction between pump and laser radiations. Nevertheless for each crystal length there is an optimun absorption coefficient a.. There are two ways of achieving the optimum absorption coefficient:
i) Wavelength tuning-In some practical applications such as high brightens displays, it could be advantageous to generate the three fundamental colours in the same crystal. As it was said before, high conversion efficiencies for red and green generation need of high Nd3 concentration. For green laser light generation the optimum Nd3 concentration inside the crystal has been determined to be 5.5 % for a crystal length of 5 mm's. Let us then analyse the optimum pump wavelength for blue generation in this crystal. From figure 8 , the optimum absorption coefficient is found to be 2.3 cm'. Considering the absorption coefficient (ordinary polarised) of this crystal in the diode pumping spectral region9, this absorption coefficient value occurs at two wavelengths: 800.2 and 808.5 nm.
a (cm-1)
order to optimise the sum-frequency mixing intensity it is necessary a compromise between high pump and circulating laser intensities.
Let us suppose the general case in which a NYAB crystal (cut along phase matching direction for frequency sum mixing of pump and laser radiation) oflength L is pumped with an intensity 4. The pump wavelength and the Nd3 concentration are in such a way that the absorption coefficient is equal to .The amplitude of the electric field associated to the pump radiation at a distance "x" with respect to the input face, P20(x) ,is given by:
E0(x)oc E0 .
[e_a2] (1) where E0 is the electric field amplitude of pump radiation at the input face of the crystal (x=O). Let us assume that the electric field associated to the laser radiation at a distance x, EL(x), can be considered constant along the crystal and is
given by:
where 'abs S the total absorbed pump intensity and I is the absorbed pump intensity at threshold. Expression (2) can be also vritten in terms ofthe absorption coefficient:
1/2 EL(x)=ELocJ2. 1_eL1k) (3) '0)
The electric field associated to the generated sum-frequency beam by a differential element of the crystal (dx long) located at a position "x", E(x)dx, can be calculated by combining (1) and (3):
EFS(x). 
E1(x). E0(x). . i _eL
I
It can be observed tat I is not proportional to L, as it is for a self frequency doubling process. The term --is equal to where Pth is the absorbed pump power at threshold and P0 the incident pump power at x=O. The vañation of Pth with crystal length can be estimated knowing the optical loss factor and the value of the absorbed pump power at threshold for a given output coupler transmittance. Absorbed pump powers at threshold as low as 10 mW have been reported in this work using 5 mm crystal length and 0.36% transmittance output coupler. In those experiments the factor of optical losses was ii) iVd concentration tuning-Could be also desirable to use the same pump source, and therefore the same pump wavelength, for all the crystals. In fact, for green and red laser light generation by SFD 807 nm is the most efficient pump wavelength (see figure 8 ). The absorption coefficient at this wavelength is a function of Nd3. if we denote by Cthe Nd3 concentration in atomic percent, then the absorption coefficient at 807 urn is given by '7: c(C)=O.93C (8) so that it is now possible to find the optimum concentration for blue generation by inspection of figure 8 . For an input power of 1W at 807 nm and a 5 mm crystal length, the optimum Nd3 concentration would be 2.5%, which is one haif of the optimum concentration obtained for green laser light generation. Thus, this simple model partially explains the low efficiency obtained for blue generation (see figure 7in section 2.4)
